The human KIAA0732 protein (hereafter called that are essential for telomerase catalytic activity and several other telomerase-associated factors of which hEST1A) showed the highest similarity to Est1p (aa 57-284) with 17.5% identity and 28.9% similarity, and only a few appear to be integral enzyme components [1] [2] [3] . The first essential telomerase protein identified KIAA1089 (hEST1B) exhibited 13.5% identity and 27% similarity ( Figure 1 ). KIAA0250 (hEST1C) exhibited 15.4% was S. cerevisiae Est1p, whose deletion leads to evershorter telomeres despite the persistence of telomerase identity and 25.4% similarity to Est1p aa 57-284 and has not yet been characterized. Full-length cDNAs for activity [4] [5] [6] . Extensive genetic and biochemical data show that Est1p, via its interaction with the telomerase both hEST1A and hEST1B were used to probe mRNA expression in various human tissues and cell lines. hEST1A RNA and telomere end DNA binding complex Cdc13p/ Stn1p/Ten1p, promotes the ability of telomerase to and hEST1B mRNAs existed as predominantly single species at 7.5 kb and 4.6 kb, respectively, and were elongate telomeres in vivo [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The characterization of Est1p homologs outside of yeast has not been docuexpressed in all human tissues and cell lines examined (see Figure S1 in the Supplemental Data available with mented. We report the characterization of two putative human homologs of Est1p, hEST1A and hEST1B. Both this article online). In S. cerevisiae cell extracts, Est1p binds the teloproteins specifically associated with telomerase activity in human cell extracts and bound hTERT in rabbit merase RNA independently of the other telomerase components; however, its association with Est2p (TERT) reticulocyte lysates independently of the telomerase RNA. Overproduction of hEST1A cooperated with depends on the presence of the telomerase RNA [12, 13, 15, 22]. We tested whether endogenous hEST1A or hTERT to lengthen telomeres, an effect that was specific to cells containing telomerase activity. Like Est1p, hEST1B associated with telomerase activity in human cell extracts (Figure 2 ). Separate antibodies raised hEST1A (but not hEST1B) exhibited a single-stranded against hEST1A or hEST1B peptides specifically immutelomere DNA binding activity. These results suggest noprecipitated only their cognate recombinant protein that the telomerase-associated factor Est1p is evolu- (Figure 2A) by using the anti-hEST1B-specific peptide, they must . We therefore tested whether cally cross-react to the peptide antiserum. We were unable to deplete telomerase activity from cell lysates hEST1A or hEST1B could bind telomeric DNA in vitro. Using an oligonucleotide capture assay, in which a neuby using anti-hEST1A or anti-hEST1B antibodies. It was also not possible to estimate the stoichiometry of the travidin-captured biotinylated oligonucleotide is incubated with RRL-produced protein, we found that fullinteraction with hTERT due to the low levels of endogenous hTERT and the inability to detect hTERT in hEST1A length recombinant hEST1A, but not hEST1B, bound to the neutravidin-captured DNA ( Figure S2 ). The S. cereimmunoprecipitations (data not shown). Nonetheless, an interaction between hEST1A or hEST1B and hTERT visiae telomeric-like sequence (GTGTGG) 4 GTGT was used for the capture assay, since it exhibited the most was also observed in rabbit reticulocyte lysates (RRL). This interaction was specific to hEST1A and hEST1B, efficient precipitation of hEST1A (see Figure S2A , and see below). A fragment of hEST1A (spanning aa 630-since an irrelevant HA-tagged protein, RGS11 [26] , did not coimmunoprecipitate FLAG-tagged hTERT ( Figure  1388 ) that contained the TPR repeats and PIN domain did not bind DNA ( Figure S2A ). We tested a number of 2C, lanes 3 and 10-12). In contrast to yeast Est1p, human EST1A and EST1B did not require the telomerase RNA hEST1A polypeptide fragments for telomere binding and mapped a minimal fragment of hEST1A, spanning aa 114-to bind hTERT in vitro ( Figure 2C, lanes 5, 8, and 11) .
S. cerevisiae Est1p demonstrates a weak affinity for 503, that contained the DNA binding activity ( Figure S2A ). To confirm that the DNA binding activity was conobserved dissociation constant of hEST1A for telomeric DNA. S. cerevisiae Est1p shows a preference for free 3Ј ferred by hEST1A, we partially purified a HIS-tagged fragment of hEST1A, spanning aa 114-631, from E. coli overhangs and S. cerevisiae telomeric DNA sequences [10]. Although the apparent preference of hEST1A for S. (Figure S2B ). Electrophoretic mobility shift analysis revealed that partially purified hEST1A could bind a radiocerevisiae telomere-like DNA relative to human telomeric DNA is puzzling, further experiments will be required to labeled yeast telomere DNA sequence (GTGTGG) 4 GTGT and, to a lesser extent, the radiolabeled human telomeric determine the precise relative affinity of hEST1A for different telomeric or nontelomeric substrates. We could not sequence (TTAGGG) 4 TTAG (Figure 3, left panel) . In contrast, the nematode telomeric sequence (TTAGGC) 4 In S. cerevisiae, Est1p appears to play a key role in analogous cell lines generated in telomerase-negative ALT (for alternative telomere maintenance) cells showed telomere lengthening in vivo by tethering the telomerase complex to Cdc13p and the telomeric 3Ј end in vivo [9, no effect on telomere lengths ( Figure 4B ). In the WI38 VA13 ALT cell line, the telomerase RNA is not expressed, 14, 22], or in activating the telomerase complex once it has been recruited to the telomere [21]. Although and, similar to previous studies, we showed that the cells remained telomerase negative even when expressing hEST1A and hEST1B interacted with human telomerase, it was important to ascertain whether either protein exogenous hTERT [29, 30] (data not shown). Since telomeres in ALT cells are already long and heterogeneous, could promote the ability of telomerase to lengthen telomeres in vivo. We generated two independent series of we also assessed total telomere DNA content in each cell line by using an independent quantitative measurestable 293 lines that expressed either HA-tagged hEST1A or HA-hEST1B, alone or in combination with ment, Flow-FISH [31, 32], and demonstrated that the total telomere DNA content in VA13 stable cell lines untagged hTERT (Figures 4A and 4C , and data not shown). Since telomere lengths can vary between subparalleled the TRF analysis ( Figure 4B ). At present, the mechanism of telomere shortening in clones within a cell population, we analyzed the bulk transformants for alterations in telomere length. After cells overexpressing hEST1A is unknown. It is possible that excess hEST1A may compete for the limiting levels establishment of the lines, terminal restriction fragment (TRF) analysis showed that cells containing empty conof hTERT available to form hTERT/hEST1A complexes at the telomere. The lack of telomere shortening upon trol vectors or hTERT alone had little effect on average telomere lengths ( Figure 4A, lanes 1 and 2) . However, hEST1A overexpression in ALT cells indirectly supports this hypothesis. We argue that the telomere shortening expression of even low levels of hEST1A, or a C-terminal fragment of hEST1A (spanning aa 630-1388), led to a is not due to nonspecific competition of factors essential for telomere length maintenance, since telomeres bemarked decrease in average telomere length ( Figure 4A,  lanes 5 and 8) . When hEST1A or the hEST1A C-terminal came longer when hTERT was coexpressed with hEST1A. It is unclear yet whether the PIN domain confragment was coexpressed with hTERT, telomere lengths actually exceeded those of cells expressing only hTERT tributes to hEST1A or hEST1B function in vivo. The PIN domain within human FEN1 confers an endonuclease ( Figure 4A, lanes 6 and 7) . In each cell line, the telomere length alterations appeared stable and remained relaactivity against "flapped" DNA substrates [24] . A flaplike structure is also postulated to occur at the telomere tively constant over the course of 3-4 cell passages (data not shown). We did not detect a significant differt loop, which is formed when the 3Ј single-stranded, G-rich overhang at the telomere terminus loops back ence in telomere length in cells expressing hEST1B with or without hTERT, compared with cells expressing hTERT and invades the double-stranded telomere DNA [33] . 
